Abstract: Ab initio calculations of the spin-spin coupling constants have been carried out for methan-and ethanimine, methanal-and ethanaloxime at the level of the second order polarization propagator approximation with coupled cluster singles and doubles amplitudes (SOPPA(CCSD)) using the aug-cc-pVTZ-J basis sets. Previously we have shown that this method can reproduce quantitatively the coupling constants for methanimine; our new results for methanal-and ethanaloxime agree also very well with the measured couplings. A study of both purely geometrical and substituent effects on all coupling constants in the title compounds is presented. Analyzing the four contributions to the coupling constants we find that the stereoelectronic effect of the nitrogen lone pair on the one-bond C-H and C-C couplings as well as the corresponding effect for the geminal N-H and N-C couplings is affected strongly by the -OH substituent. For the one-bond C-N couplings we observe that the orbital paramagnetic (OP) contribution is comparable to the Fermi Contact (FC) contribution but opposite in sign and that the spin-dipolar (SD) term amounts to between 40% and 85% of the total coupling constants. Changes in the total one-bond C-N couplings caused by the -OH substituent are also almost entirely due to SD contribution.
Introduction
In recent years the increasing importance of NMR spectroscopy for the determination of three dimensional structures of even biomolecules [1] leads to an ever increasing demand for very accurate calculations of the spectroscopic parameters defining an NMR spectrum: for instance the chemical shift and the indirect nuclear spin-spin coupling constants of bio-related molecules. Often these molecules are too large for accurate calculations and many authors [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] make therefore use of model-systems which are supposed to include the relevant atoms, e.g. the atoms involved in peptide bonds. It is thus often assumed that replacing substituents by hydrogen will not significantly change the results. This might not be true in general. Therefore, we proposed recently the use of locally dense basis sets in the calculation of spin-spin coupling constants [12, 13] , i.e. to use basis sets optimized for coupling constant calculations [14] [15] [16] only on the atoms of interest whereas using smaller standard basis sets on the other atoms. Secondly, we have developed smaller optimized basis sets for coupling constant calculations [16] by contracting the s-and p-type functions in large optimized basis sets [15] with molecular orbital coefficients from self-consistent field calculations on the corresponding hydride molecules AH n . These two options can be combined in order to increase the maximal size of molecules in coupling constant calculations without a significant loss of accuracy.
The purpose of the present work was therefore to investigate how much the coupling constants in methanimine (1) , (E)/(Z)-ethanimine (3)/(4), methanaloxime (2) and (E)/(Z)-ethanaloxime (5)(6) are influenced by replacing one of the hydrogens in the methylen group by a methyl group and by replacing the imine hydrogen by a hydroxyl group. In particular we were interested in the possible interplay of the stereoelectronic effects of the nitrogen lone pair [17] [18] [19] [20] [21] , e.g. the so-called anomeric [22, 23] or negative hyperconjugation effect [24] , the positive inductive effect of the methyl group and the positive conjugation effect of the hydroxyl group. We have carried out state of the art ab initio calculations on the above mentioned compounds using the second order polarization propagator approximation with coupled cluster single and double amplitudes (SOPPA(CCSD)) [15, 25] and our aug-cc-pVTZ-J basis sets [15, 16] . Previous applications of this method gave results in very good agreement with experiment [15, 16, [26] [27] [28] [29] [30] [31] [32] [33] .
Calculations of coupling constants are sometimes affected by the so-called triplet instabilities or quasi-instabilities [34] [35] [36] , i.e. the fact that the employed method predicts erroneously the existence of a triplet state which is lower or close in energy to the lowest singlet state (ground state). This phenomenon can lead to an over-or underestimation of the contributions to the coupling constants which involve the electron spin, i.e. the Fermi contact and the spin-dipolar terms. This will render the results of these coupling constant calculations meaningless. Although, instabilities have been observed mainly using semiempirical methods [37] [38] [39] [40] [41] [42] [43] [44] , there is also an increasing number of examples [15, 16, 45] for instabilities in ab initio calculations using the coupled Hartree-Fock method (CHF) [46] or the equivalent random phase approximation (RPA) [47, 48] and one example for a triplet instability at the correlated level [15, 45] using the second order polarization propagator approximation (SOPPA) [49] . This phenomenon is connected with the existence of -like electronic systems in both saturated and unsaturated compounds. One factor which influence the -system in the C=N bond is the lone pair on nitrogen. Therefore, we have carried out also CHF/RPA calculations on the title compounds in order to search for triplet instabilities.
Computational Aspects
The theory of the indirect nuclear spin-spin coupling constant J was originally derived by Ramsey [50] using perturbation theory:
where A and B are the magnetogyric ratios of the two nuclei A and B and h is the Planck constant [51] . The coupling is transmitted by two basic mechanisms: (a) the interaction of the nuclear spins with the spins of the electrons surrounding them expressed in the Fermi-contact (FC) and spin-dipolar (SD) contributions and (b) the interaction of the nuclear spins with the orbital angular momentum of the electrons which gives rise to the orbital paramagnetic (OP) and orbital diamagnetic (OD) contributions. Due to the interaction with the electron spin the FC and SD terms arise from admixtures of excited triplet states n to the singlet ground state 0 , whereas the OP term involves excited states n of the same spin symmetry as the ground state 0 and the OD term is a pure ground state property, although the latter can also be expressed in a form which involves excited states [52] . Using polarization propagator or linear response function methods all contributions to the coupling constants can be evaluated without explicit calculation of the excited states involved [53, 54] . The detailed scheme for calculations of indirect nuclear spin-spin coupling constants using polarization propagator methods has been described and explained previously [15, 55] and will not be given here. In the present work we have used two levels of approximation to the polarization propagator: SOPPA(CCSD) [15, 25] and RPA [47, 48] , which can also be considered as a first order polarization propagator approximation [53] .
In all coupling constant calculations we have used a local version of the DALTON program package [56] , in which the calculation of indirect nuclear spin-spin coupling constants at the SOPPA(CCSD) level had been implemented in the property module [15, 25] . We have used the aug-ccpVTZ-J basis sets [16, 57] for all atoms in methan-and ethanimine, whereas in the calculations on methanal-and ethanaloxime we used a locally dense basis set [12, 13] with the cc-pVDZ basis sets [58] on the atoms in the hydroxyl-group and the aug-cc-pVTZ-J basis sets [16, 57] on all other atoms. These basis sets were optimized to describe the notorious Fermi contact term properly. They were generated from Dunning's aug-cc-pVTZ basis sets [58, 59] by adding four tight s-type functions to the completely uncontracted basis sets [15] and re-contracting the most inner s-type function for H and s-and p-type functions for the second row atoms with corresponding molecular orbital coefficients from selfconsistent field calculations on the second row hydrides [16] . Only the inner atomic orbitals were contracted which made the contraction scheme independent of the molecule under study and gave an easy and general way to reduce the size of the basis sets without diminishing the accuracy of the results. In addition the set of the most diffuse f-type functions on the second row atoms was also removed [15] . A similar idea had been used previously by Geertsen et al. [60] and Guilleme and San Fabián [61] in their calculations on methane.
In Figures 1-3 the optimized geometries for all molecules are shown. They were obtained at the MP2//6-31G** level with the GAUSSIAN 98 program [62] . We can note a small discrepancy between the experimental geometries for (Z)/(E)-ethanimine [63] (3/4) and our optimized ones, which might be a misprint caused by the non-standard definition of cis-and trans-in Ref. [63] . For (Z)-ethanimine (4) the experimentally derived CCN ∠ angle is 121° and the theoretical one is 128.01°, whereas for (E)-ethanimine (3) the experimental angle is 126° and our optimized value is 120.79°. Figure 1 . Optimized MP2/6-31G** geometries of methanimine (1) and methanaloxime (2 Figure 2 . Optimized MP2/6-31G** geometries of (E)-ethanimine (3) and (Z)-ethanimine (4). One of the C-H bonds in the H 3 C-group is eclipsed to the C=N bond. Figure 3 . Optimized MP2/6-31G** geometries of the (E)-ethanaloxime (5) and (Z)-ethanaloxime (6) . One of the C-H bonds in the H 3 C-group is eclipsed to the C=N bond in (E)-ethanaloxime, whereas it is eclipsed to the C-H bond in the (Z) isomer.
There are some special features about the optimized geometries which we want to stress:
1. The R CN bond length is close to 128 pm in all molecules. 3. The C=N-Z group is roughly rigid with respect to both its internal distances and angles.
Results
In Tables 1, 3 , and 4 the results for the one-bond, geminal and vicinal coupling constants in all six molecules are shown. Apart from the total coupling constant J in Hz we report also the total reduced coupling constant K (in 10 19 T 2 J -1 ) and its four contributions in order to allow a comparison of analog couplings between different pairs of nuclei. The reduced coupling constant K is commonly defined as
where A and B are the magnetogyric ratios of the two nuclei A and B and h is the Planck constant [64] .
In our previous study [16] of the coupling constants in CH 2 CH 2, CH 2 NH, CH 2 O and CH 2 S we found that our SOPPA(CCSD) coupling constants for methanimine (1) are in very good agreement with the experimental values [65, 66] , not only the absolute values but also with respect to the differences in couplings syn-or antiperiplanar to the double bond or to the lone pair on nitrogen. Inspection of Tables 1 and 3-4 shows that an equally good agreement between our SOPPA(CCSD) calculations and experiment is also obtained for methanal- [67, 68] and ethanaloxime [67, 68, 69] . Therefore we are confident to discuss the substituent effects on the couplings by analyzing our results in the following sections. In order to separate effects by the OH substituent from changes in the geometries we have also performed calculations on methanimine and methanaloxime with the angles in the methylengroup taken from the other molecule, see Table 2 . 
Triplet instabilities and quasi-instabilities
When restricted Hartree-Fock wave functions are used Hartree-Fock instabilities (or quasiinstabilities) arise each time the Hessian matrix, i.e. the principal propagator matrix at RPA level [53] , has at least one negative (or positive but very small) eigenvalue, which implies that the molecule is predicted erroneously to have at least one negative (or positive but very small) excitation energy 0 E E n − [37] [38] [39] [40] [41] [42] [43] [44] . This problem is quite common for the two triplet contributions to the indirect nuclear spin-spin coupling constants, i.e. the Fermi contact and spin-dipolar term. It is due to the applied computational method and can lead to the overestimation of the corresponding contributions this excitation. Depending on the sign of these transition moments the total spin-spin coupling constant can become too large or too small. Using polarization propagator methods for the calculation of spinspin coupling constants as implemented in the DALTON program package [56] , triplet instabilities (or quasi instabilities) can routinely be detected by a simultaneous calculation of the lowest eigenvalues of the principal propagator or Hessian matrix which is one of the strengths of propagator methods. In general it is possible to overcome this problem [15, [39] [40] [41] 43, 45, 70] either by elimination of one of the two-electron integrals in the matrix element which causes the problem or removing or adding electronic correlation in the calculation. However, if one is aiming for a quantitative prediction of coupling constants comparable with experimental values, the mandatory option is to add more correlation to reach a better description of the excited states as well as the ground state [15] . We found triplet quasi-instabilities at the RPA level in all the molecules studied here, yielding, in this way, meaningless results at this level of approximation.
One-bond coupling
In but the near cancellation of the FC and OP terms seems to be a special feature of the C=N moiety [16] .
The CH 3 From Table 2 we can see that OH substituent effect on the SD, FC and even the OP term becomes larger when we keep the angles in the H 2 C-group in 2 at the same values as in 1, i.e. there is also a geometry effect which opposes the mesomeric effect of the OH group. Furthermore, the OH substituent effect on the SD and OP terms is slightly larger in the (E) isomer 5 than in the (Z) isomer 6, but the opposite holds for the OH effect on the FC term. This shows that the inductive +I effect [77] of the CH 3 group affects the three main contributions quite differently and depends on the position of the methyl-group relative to the nitrogen lone pair. This orientational effect for the CH 3 substituent is most pronounced for the FC contribution to the 1 J(C,N) coupling constants, where the Fermi contact term is † The subscripts X, Y and Z are explained in Figures 1 -3 .
increased in the (E)-isomers, 3 and 5, and reduced in the (Z) isomers, 4 and 6, of ethanimine and [66, 82] and in particular six-membered rings [83, 84] . The first observation of the lone pair effect on 1 J(C,C) coupling constants was report for a series of oximes including the title compound ethanaloxime [69] . Previous semi-empirical [85, 86] and DFT [79] calculations on acetoxime as well as DFT [78] and SOPPA(CCSD) [16] calculations on methanimine showed that only the FC contribution is changed by the lone pair effect. Furthermore an analysis of the contributions of individual localized DFT molecular orbitals to the FC term in the same molecules [78, 79] indicated that this effect is primarily due to a direct lone pair contribution from the corresponding localized orbital, which is positive for the coupling synperiplanar to the lone pair and negative for the coupling antiperiplanar to it. On the other hand, the indirect lone pair contribution via a charge transfer or hyperconjugation interaction from the nitrogen non-bonding lone pair orbital to the antibonding carbon-carbon orbital, the so-called anomeric effect [22] [23] [24] , appeared to be less important [18, 78, 79] . The effect of various substituents on experimental 1 J(C,C) coupling constants in imines and oximes has also been studied [18] and an empirical relation between the electronegativity of the substituents and the 1 J(C,C) coupling constants in imines and oximes has even been derived [87, 18] .
In the present work we are primarily interested in changes in the lone pair effect on 1 J(C,H) and 1 J(C,C) due to the OH and CH 3 substituents. For methanimine our theoretical difference, behind these changes should be the mesomeric +M effect of the OH group (see Figure 4) , because the pure inductive −I effect of an electronegative substituent like OH [77] should reduce the C-H Y couplings [19] . However, the OH substituent effect is smaller, if one keeps the angles in the H 2 C moiety fixed (see Table 2 ), which indicates that there is also a small geometrical contribution. angles, , from their equilibrium value.
Two-bond coupling
Analyzing the four contributions to the two-bond couplings, Table 3 We find a strong lone pair effect for the geminal
K(N,H) and K(N,C) couplings synperiplanar and
antiperiplanar to the nitrogen lone pair. This orientational lone pair effect on geminal couplings was probably first observed in propanaloxime [88] and was later categorized as B.3 by Gil and Philipsborn [19] . It is much stronger than the corresponding effect on the one bond couplings in Table 1 angle. This implies that the electronic and angle effects due the CH 3 group are opposing each other which contrasts the CH 3 effect on the one-bond couplings. One might therefore estimate that the pure inductive effect of the methyl group is even larger than observed in the differences between 3/4 and 1.
For the C-H Z coupling we find a slightly larger CH 3 substituent effect on the (E) isomer, i.e. when the methyl group is trans to the coupling pathway. Table 2 that the pure electronic effect of the OH group is again larger than the observed difference between 2 and 1, i.e. the geometrical or angle contribution is again opposing the electronic effect as observed for the other geminal couplings.
Three-bond coupling
The three-bond or vicinal couplings, in Table 4 , are mainly dominated by the Fermi contact term and its variations. As for the other couplings we observe that the reduced couplings involving carbon are larger than the corresponding coupling constants with hydrogen. The largest reduced vicinal coupling constants and changes are therefore observed for ethanimine. The reduced trans couplings are a factor of ~1.4 larger than the corresponding cis couplings in very good agreement with the experimental observed ratio of 1.48 for 1.
Conclusions
We have theoretically investigated all four contributions to the reduced indirect spin-spin coupling constant of H 2 C=NH, H 2 C=N-OH and the stereoisomers of ethanimine and ethanaloxime at the SOPPA(CCSD) level using the aug-cc-pVTZ-J basis sets. Our calculated coupling constants and differences between them agree very well with the available experimental data. In preliminary calculations at the RPA level we have observed triplet instabilities for all the molecules studied here.
The Fermi contact term is the largest contribution to all the couplings studied here. Nevertheless, the orbital paramagnetic term is also important for the geminal coupling constants involving nitrogen and in particular for the one-bond carbon-nitrogen coupling across the double bond, where it is equal in magnitude to the FC term but of opposite sign. Furthermore the spin-dipolar term is unusually large for this coupling and accounts for 40 % to 85 % of the total coupling. Changes in the coupling constants due to the methyl or hydroxyl groups as well as the differences between coupling constants synperiplanar and antiperiplanar to the lone pair of nitrogen are also dominated by the Fermi contact term. Again the spin-dipolar and orbital paramagnetic terms are also important for the OH substituent effect on the one bond and two-bond nitrogen-carbon couplings. angle increases. In the one-bond 1 K(C,N) coupling the OH substituent affects most strongly the spin-dipolar term. On the other hand, we do not observe a strong orientational effect of the OH group, i.e. its contributions to coupling pathways synperiplanar or antiperiplanar to the hydroxyl group do not differ in sign but only in magnitude. The OH group leads also to changes in the bond angles in such a way that the angle between the hydrogens in the methylene moiety or the hydrogen and the methyl group in the ethyliden moiety is widened. We tried therefore to separate this angle effect from the electronic effects by additional calculations where the bond angles where not changed. These calculations show that the angle part of the OH changes is opposite to the pure electronic OH effect for the one-bond 1 K(C,N) and all geminal couplings, whereas they have the same sign for the one-bond 1 K(C,C/H) couplings. We propose that the OH substituent effect on the one-bond coupling is mainly due to a resonance or mesomeric +M effect according to Finally the lone pair contribution is always more positive for synperiplanar than for antiperiplanar couplings independent of the number of bonds which separate the coupled nuclei. Nevertheless we find that the stereoelectronic effects of the nitrogen lone pair on one bond couplings are significantly reduced by the OH and CH 3 substituents whereas the corresponding differences between geminal coupling constants are increased showing that the errors introduced by making model systems can indeed be important.
Comparison of K(C,H)

